Abstract-A rectifier type superconducting fault current limiter using an additional shot-circuited trigger coil has been studied. Such reactor consists of two well-coupled superconducting coils; the main coil and trigger coil. The main coil is connected to the DC link of the bridge circuit while the trigger winding is always short-circuited. As the trigger coil is short-circuited the reactor shows low inductance in normal operation. A change of load current due to load change or some other reasons increase the shot-circuit current but inductance value remains unchanged as long as the trigger coil remains in superconducting state. During fault time, the fault current yields super to normal transition current in the secondary (trigger) winding and the trigger coil quenches. Thus higher impedance appears in the main coil that limits the fault current. The advantage of using an additional trigger coil with the main coil is that it reduces the impedance of the current limiter at normal operation and therefore reduces voltage drop across the limiter. To enhance the coupling factor of the windings iron core can be used. If the magnetic path is closed with the iron core even with some air gap it can be saturated during fault time because of the high DC current but would effectively reduce leakage reactance during normal operation. In this paper a small-scale experimental result of this type of current limiter has been presented.
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I. INTRODUCTION
M ANY circuits and topologies on the superconducting fault current limiter (SFCL) are available today and some of them are known as rectifier types [1] , [2] . We have been studying on rectifier type superconducting fault current limiter using variable reactor [3] - [5] . The reason why variable reactor is considered is that, it can produce low inductance value during normal operation. The most of the time the SFCL remains in waiting condition therefore minimum line voltage drop and low power loss is most important during waiting time. The DC current of the rectifier type SFCL will minimize the ac loss of the superconducting coils and the core materials of the reactor. The low inductance value during normal operation will ensure the low voltage drop across the SFCL. Another advantage of the rectifier type SFCL is that it could be used as a circuit breaker along with its current limiting property. A diodethyristor based hybrid bridge circuit is capable of shutting down the power line from the load by removing the trigger signals from the gate of the thyristor pair. Therefore, the SFCL could work as a fast circuit breaker as well as a current limiter. This advantage would allow in designing the SFCL for minimum current limiting period (1 cycle or less) that could minimize the size and cost of the system. In this paper the preliminary experimental results of rectifier type SFCL with additional short-circuited trigger coil has been presented.
II. OPERATIONAL DESCRIPTION
The schematic diagram of the SFCL is shown in Fig. 1 . The main coil of the reactor is fed by the rectified line current in series with the load. The trigger coil always remains short-circuited. The short-circuited winding cancel the flux generated by the ac component of the main coil current. For this reason the rate of change of flux inside the reactor caused by the main coil current will be canceled by the trigger coil. This behavior of the two winding reactor causes low inductance during normal operation. The low inductance means low voltage drop across the SFCL at normal and load changing time. At fault time, the trigger coil quenches due to high short-circuit current flows through it. The trigger coil changes from superconducting state to normal state. As a result higher inductance appears in the main coil thus reduce the fault current. One leg of the bridge circuit consists of thyristors. The thyristors could be turned off immediately by removing the gate pulse signals. The fault current level could be sensed by using hall sensor. The fasted pos- sible turn-off time could be a half cycle. Therefore, a half cycle circuit breaker with current limiter is possible in this case of SFCL. In current limiting mode the main coil carries the fault current without quenching. The critical current of the main coil should be high enough so that it can withstand the fault current. S/N transition element is isolated using it in the secondary coil. If it is connected directly to the bridge circuit, the S/N transition element will be over-heated due to high fault current. Such situation will increase the recovery time of the element or permanently damage it.
III. SIMULATION RESULTS
Before going to the experimental test, computer simulation of the SFCL circuit has been carried out. Mainly the current limiting performance in the fault condition has been performed. We carried out the simulation test of fault situation of the SFCL by using EMTDC (Electro-magnetic transient for DC system). A 6.6 kV and 1 kA system with 5 percent source inductance is considered. The mutual and leakage inductance of the 2 winding superconducting reactor is assumed to be 1 pu and 0.1 pu respectively. At the fault time, a step change of resistance is assumed for S/N transition. The simulated output waveforms are shown in Fig. 2 . The fault is made at 30 degrees phase for a duration of one cycle. In the graph (lower trace), the current of the trigger coil has decayed quickly after S/N transition occurred and then the line current starts limiting. The inductor current follows the throughout the fault time. When fault is cleared, the returns to the normal value. However, the does not return instantly to the normal value, therefore, a circulating current flows through the diodes. This is known as freewheel current. After some time it comes to the normal value. In the upper trace the waveform represents the voltage across the main coil. In current limiting time, the source voltage appears across the main coil due to its high impedance for that particular time.
Normal rectifier type SFCL without using DC bias could produce significant voltage drop during load increasing time [6] . It is a disadvantage and reduces the system performances. We observe the voltage sag situation of our circuit during load changing period. The normal voltage and current set as 6.6 kV and 0.5 kA respectively. A step increase of 100 percent load current (from 0.5 kA to 1.0 kA) has been considered. Although this is not usually happen in the power system however we like to see the performance the SFCL. The simulated waveforms are presented in Fig. 3 . The output waveforms do not represent significant voltage sag on the load terminal (shown in the upper graph).
IV. EXPERIMENTAL CONDITIONS AND TEST RESULTS
We carried out the preliminary experiment using a superconducting transformer as a variable reactor. This readily available transformer has four superconducting windings. The specifications of the reactor has been presented in Table I . The air core type reactor is the prime target but the use of iron core would enhance its performance at normal operation and in the initial time of the fault. In rectifier type SFCL, introducing such reactor in the rectified circuit could easily saturate the iron core by the DC flux. The alternating flux in the reactor generated by the ripple current would not be effective because it is canceled by the induced short-circuited current of the trigger winding. Since the significant portion of the reactor current is DC therefore a nongap iron core reactor would not be so effective. On the other hand, iron core with big air gap would not saturate easily. In addition, it would decrease the ac loss of the reactor during normal operational time. Iron core would increase the coupling factor therefore decrease the leakage inductance of the reactor compared to air core type. In our experiment we used was the iron core reactor without any gap.
The superconducting device used in this experiment has been shown in Fig. 4 . A microcontroller based thyristor gate drive signal and control circuit have been constructed for the SFCL. Very precise and accurate timing signals has been implemented digitally for making artificial fault so that fault could be made at different phase angles. The number of turns in the main coil is 734 and 184 in the trigger coil. The critical current of primary and secondary coils are 244 A and 179 A respectively (from short sample test at 1 T).
We performed short-circuit test of one cycles duration. , 10 operational condition a fault is made at the zero crossing point of the line current that is marked by the vertical broken line (left hand side). The trigger current reaches to maximum 108 A before it is quenched. A sharp quench of the trigger coil immediately introduces high impedance, as a result, it limit the fault current that is clearly shown in the line current waveform. At the end of one cycle fault the maximum fault current of has been observed 48
. This value is only 3.4 times higher than the normal line current (14.14 ). We did not perform the fault test without SFCL, therefore, we could not compare how much it is reduced. The main coil current free-wheels through the diodes. The upper graph of the diagram presents the main coil voltage. During the 1 cycle fault time the source voltage appears on the reactor.
One big advantage of using rectifier type SFCL is that it could also be used as circuit breaker along with its current limiting ability. In that case hybrid bridge circuit is required instead of simple diode bridge. We performed such test and the output shown in Fig. 6 . Here the SFCL acts as a 1/2 cycle circuit breaker as well as a current limiter. In such a case, the line current monitoring hall sensor's output and the thyristor gate firing signals are interfaced to a logical control circuit. When the fault current reaches to a predetermined value the gate signals of the thyristors are turned off and the line is disconnected from the main source, thus works as a circuit breaker. In the experiment, the initial working voltage and current has been selected as 90 V and 15 A respectively before fault is made. This time the fault making point is 90 degrees in phase of current. In order to shutdown the system from over current, a predetermined value was set slightly upper than the twice of the value of the normal peak line current. The result clearly indicated that the current has been limited after fault and finally it is disconnected from the power line. Fault happening, fault current limiting and circuit breaking all these process finished within a half cycle. It is noticed that the fault current reaches to a maximum value of 60 A.
As long as the trigger coil current remains below its critical current value, there should not be appeared any voltage sag on the load voltage waveform due to the sudden load current change. The experimental waveforms shown in Figs. 7 and 8 described the situation about load changing effects during normal operational time. In Fig. 7 , a step increase of about 50 percent load current (from 9.5 A to 14.3 A) has been made to observe the voltage sag in the load voltage and current waveforms of the coils. No voltage sag problem has been observed on the waveforms. Again, the trigger current would rise up from normal label to a higher value during load increasing time but would come back to normal label after some period. Such situation has been clearly shown in the waveforms as shown in Fig. 8 . Without using DC bias current in the reactor coil we could overcome the voltage sag problems by using this variable reactor concept. This is very important because the most of the time the system stays in normal operation and the load current does not remain constant.
V. CONCLUSION
Preliminary test has been performed and presented the results of Rectifier type SFCL with S/N transition trigger coil. It is a new rectifier type SFCL without using DC bias current through the main superconducting coil. Normal rectifier type SFCL requires DC bias current that is difficult to install. Without using DC bias current this SFCL gives expected results both in the fault and normal operational time. Such circuit could avoid voltage sag problems. As the DC bias source for the main coil has been avoided, the SFCL design would be simplified. It was also confirmed that the system could work as 1/2 cycle circuit breaker with current limiter. Always on Static Induction Thyristor (SIT) can be used instead of conventional thyristor because of its simple trigger circuits. In future, SiC could be used in the rectifier circuit.
